ABSTRACT
INTRODUCTION
Filter characteristics in the transition area between passband and stopband frequencies are described in the generally available literature. For example, a biquad in the current mode (CM) that is shown in Fig. 1 is described in [1] .
We can see that this is a Sallen-Key low pass filter structure [2] , [3] , [4] , [5] based on a polynomial structure. An active element is a current controlled current source (CCCS). The CCCS has a current amplification factor marked as K.
The CCCS is composed of transistors. But this fact evokes the key problem of this way of CCCS realization, because the transistor amplification factor is decreased with increasing frequency. Therefore, the current amplification factor K decreases with frequency, too. 
FORMULATION OF THE PROBLEM
We consider the stopband, now. We know that the amplification factor K is reduced to zero at high frequencies. The output current of the biquad would be equaled to zero in this case, too.
The real CCCS structure has nonzero value of the input resistance r (thus r≠0). Reactance of capacitors nears to zero for frequencies closely to infinite. The amplification factor K nears to zero at high frequencies, too.
Thus schematic diagram of considered filter is adapted to form that is shown in Fig. 2 . An input signal goes to the output terminals through passive elements only, now. The current ratio has nonzero value in this case (1)
where: I IN -input current, I OUT -output current, r -input resistance of CCCS and R -resistance of working resistor in the filter. The Eq. (1) shows fact that the current ratio of this filter does not decrease to zero at high frequencies. Thus the filter attenuation in the stopband does not increase to infinity, but it is determined by (2) .
where: a -the attenuation, r -input resistance of CCCS and R -resistance of working resistor in the filter.
PROPOSED SOLUTION
The same problem occurs for Sallen-Key low pass biquad structure working in the voltage mode (VM). Punčochář [6] proposes solution of this problem by following way: plugging another active element (that is an operational amplifier in VM) into the feedback loop. This proposed structure (for VM) is shown in Fig. 3 .
Adjoint transformation principle
A generally known principle for conversion circuits working in the voltage mode to the current mode is called adjoint transformation [7] to [10] . A general principle of the adjoint transformation is illustrated by Fig. 4 . Fig. 4 The principle of the adjoint transformation A simple resistive divider [11] is used for explanation adjoint transformation, now. We consider VM and CM circuits from Fig. 5 , these circuits contain two resistors named R 1 , R 2 .
Fig. 5 Example of the adjoint transformation
The voltage divider in VM circuit is described by equation (3) and the current divider in CM circuit is described by equation (4).
We can see that the voltage ratio from (3) and current ratio from (4) are the same (5).
The general mathematical formulation of the adjoint transformation (see [8] ) is (6) . 
Adjoint transformation usage
After application the adjoint transformation into the circuit from Fig. 3 we have the new circuit in form that is shown in Fig. 6 .
The input signal does not cross via passive branch to the output terminals in this circuit, because this signal way is closed by new active element named CCCS 2 .
The element CCCS 2 in final Fig. 6 is connected as a current follower (thus I IN = I OUT ). This solution is similar to previous circuit that is shown in Fig. 3 , because operational amplifier in feedback loop is connected as a voltage follower in circuit working in the voltage mode. The Eq. (2) shows fact that decreasing of the input resistance r evokes increasing of the attenuation a. This fact may be expressed for frequencies closely to infinite (7) . ( 7 ) where: a -the attenuation, r -input resistance of CCCS and R -resistance of working resistor in the filter.
Verification
Toumazou [1] assumes that all circuit elements (CCCS, R, C) are ideal, but real elements have parasitic properties. Therefore, comparison of the original and the proposed circuits [12] was performed by computer simulation. The above mentioned theoretical conclusions were verified by simulations performed by SPICE-like simulators Microcap 10 and LTspiceIV.
The original circuit from Fig. 1 is redrawn in Fig. 7 . Component F 1 is CCCS with the amplification factor K = 1, but the input resistance is set to nonzero value, i.e. r = 0.1 . If the input resistance is equal to zero, then branch with capacitor C 2 is initialized by the zero voltage in the node 2 and previously described effect is not appeared. Similarly, the proposed circuit from Fig. 6 is redrawn in Fig. 8 . Simulated results of circuit according to Fig. 7 (see Fig. 9 ) show that the difference between maximal and minimal magnitude is 80 dB, This value is corresponding to the ratio between input and output current (i.e. this value is corresponding to the ratio between input resistance R 3 of the CCCS and resistance of resistor R 2 ). Simulated results of both circuits may be compared by Fig. 9 and Fig. 10 . Magnitude plot from Fig. 9 matches to theoretically mentioned results, see Eq. 2. Similarly, the magnitude plot from Fig. 10 has monotonous character in the stop band. Therefore, the frequency response corresponds to Eq. 7.
As we can see, the theoretical results are fully verified. Fig. 10 Bode plot of the proposed circuit from Fig. 8 In the second step, the effect of the input resistance was explored by parametric sweep analyse. The input resistance was swept from 1 m to 1  logarithmically. Figure 11 documents fact that the input resistance has a strong effect to usable band of the frequency response. Similarly, the input resistance has effect to the frequency response of improved circuit, see Fig. 12 . Declination of the magnitude plot is changed, but this characteristic is still monotonous. Thus the attenuation is not stopped. Finally, the proposed circuit with real components was simulated. Both CCCSs were realised by simply bipolar current mirrors. Transistors of type 2SC4102 were used for realisation of these current mirrors, because this transistor type had the smallest feedback transfer from all available transistors. Therefore, influence of the feedback transfer had negligible character, only.
Schematic diagram of proposed circuit derived from Fig. 8 is drawn in Fig. 13 . Quiescent point of transistors is set by power supplies I 1 and V 1 . Result magnitude plot is drawn in Fig. 14. The magnitude declines over whole stop band. The nonzero value of the input resistance causes breakpoints in the frequency response, but this characteristic has monotonous character. 
CONCLUSIONS
The purpose of the article was to show the behaviour of the circuit which describes Toumazou in [1] at high frequencies. Toumazou assumes that all circuit elements (CCCS, R, C) are ideal. Presented simulation results show that the solving is usable for real transistors very well, too.
